Abstract-In this paper a procedure for sidelobe suppression in the frequency response of a MIM (metal-insulator-metal) plasmonic filter is presented. Using the calculated effective refractive index for various values of the width of dielectric core and Bragg condition, the structural profile of primary filter is obtained. The frequency response for the transmission coefficient of the MIM plasmonic filter is derived by TRC-LOD-FDTD method. The variation in the frequency response of the filter due to changes in the structural parameters is studied. Finally, the usage of Gaussian, sinusoidal and linear types of gratings in suppressing the sidelobes and their effects on the stop-band bandwidth of the MIM plasmonic filter is investigated.
INTRODUCTION
In the past decade, plasmonic structures with ability to guide the light in a subwavelength scale have been received considerable attention [1] . The plasmonic structures, due to their unique characteristics, may find applications in integrated optics, bio detection, cloaking and so on [2] .
Numerous researches have already been conducted on various aspects of this field. In [3] , employing the full-wave electromagnetic theory, the electromagnetic scattering by a small cylindrical particle with radial anisotropy due to normally incident light of transverse magnetic (TM) polarization was investigated. An existence of a highly lossy interface mode (HLIM) in a designed plasmonic nanostructure for perfect absorption of the incident optical waves was reported in [4] .
It was shown that, due to the HLIM lossy characteristic, surface plasmon polaritons would be significantly trapped at the TML (thin metallic layer) interface with absorption of nearly 100 percent. An idea of grating-based plasmon biosensor utilizing phase detection was presented in [5] . This idea was used in high resolution realization in finding a refractive index of a material located on the surface of a metal grating. In [6] the propagation properties of surface plasmon polaritons (SPP) and surface magnetoplasmon polaritons (SMP) modes in a semiconductor slit waveguide were analyzed by the effective dielectric constant approach. In [7] two metamaterials with sub-wavelength double-slots of single-and double-sides were proposed. The the electromagnetic resonance dependencies and local intensity enhancements on their structural parameters were also studied by finite-difference time-domain and finite element methods. The effect of geometry on the surface plasmon resonances was discussed in [8] and the character of the resonances with emphasis on a two-layer sphere were studied. In [9] the use of metamaterials to construct a surface plasmon sensor with application at microwave frequencies was discussed. A planar metallic nano structure design was the research subject of [10] . The proposed structure could support two distinct Fano resonances in its extinction cross-section spectrum under normally incident and linearly polarized electromagnetic field. The plane electromagnetic wave diffraction by an ideal metallic sphere (Mie's theory) was investigated in [11] . The proposed method involved representing the charge disturbances (polarization) by a displacement field in the positions of the mobile charges (electrons) and usage of the motion equation for the polarization along with electromagnetic potentials.
Despite the existence of different analysis techniques for plasmonic structures, the finite difference time domain (FDTD) method has received more attention [12] . In the FDTD method, a wide spectral response can be obtained using a single time analysis. Furthermore, the FDTD method requires using small spatial meshes for the analysis of plasmonic structures. However, when a traditional FDTD method is used in analysis, the computational time rises due to a small time steps that are determined by the Courant-Friedrich-Levy (CFL) condition. To eliminate the restriction of CFL condition in FDTD method, the locally one dimensional (LOD) scheme has been used in discretization of Maxwell's equations [13] . A three-dimensional FDTD method on graphics processing unit (GPU) for plasmonics applications is presented in [14] .
Plasmonic structures are classified into two categories, insulatormetal-insulator (IMI) and metal-insulator-metal (MIM). Each one of these structures has some advantages and disadvantages. Although, IMI structures have longer propagation length, they are not able to confine the light well into subwavelength geometries. MIM structures, on the other hand, have acceptable propagation length as well as higher confinement factor. By now some subwavelength optical devices such as waveguides, couplers and filters have been proposed [15] .
In this paper, we have used the TRC-LOD-FDTD method of [13] to analyze a MIM plasmonic filter. Exciting the structure by a plane wave, we have obtained time response of the electric field at input and output planes of our primary filter. The transmission coefficient is calculated from the magnitude ratio of discrete Fourier transforms of electric fields at the output and input planes of filter. Finally, we have applied three different types of gratings to suppress its sidelobes. Figure 1 illustrates a schematic diagram of a MIM plasmonic waveguide which consists of a dielectric core region surrounded by two half infinite metal cladding. The TM polarization is assumed in analysis of this structure where only the fields components E x , E z and H y are nonzero. From continuity of E z and H y along metal and dielectric interfaces, we obtain a dispersion relation as [16] ,
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where ε d and k d represent dielectric constant and transverse wave number of dielectric region and ε m and k m are dielectric function and transverse wave number of metal regions, respectively. The application Figure 1 . Geometry of a metal-insulator-metal structure. 
where k 0 is the free space wave number. The parameters β, k d and k m are obtained by solving (1), (2) and (3). Then, the effective refractive index is calculated from,
Using (4), the values of n eff are calculated for various values of dielectric core width (W = 2a) of the silver-air-silver structure and plotted in Figure 2 . As it is obvious from this figure, n eff decreases when dielectric core width is increased. These values of effective refractive index will be used in our later MIM plasmonic filter design. Figure 3 illustrates the silver-air-silver plasmonic filter with periodic changes in dielectric core width.
Filter Design
In the procedure of designing a MIM plasmonic filter, the parameters L 1 , L 2 , n eff 1 and n eff 2 should be determine. The following relation has been obtained using the Bragg condition of [16] .
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According to the usual operating frequency in optical communication systems, the wavelength, λ, is assumed to be 1.55 µm. Since, the objective is designing a filter for symmetric modes, the width of the Figure 3 . MIM plasmonic filter with periodic changes in the width of dielectric core.
dielectric core, according to [17] , is considered to be more than 100 nm. Therefore, the values of W 1 and W 2 are chosen to be 100 nm and 150 nm, respectively. Thus, for these choices of W 1 and W 2 , the values of respective effective refractive indexes may be obtained from Figure 2 as: n eff 1 = 1.139 and n eff 2 = 1.2. Using the lower order Bragg condition (m = 0) and the acquired values of n eff 1(2) in (5), we obtain the period lengths of L 1 = 292 nm, L 2 = 368 nm. Based on numerical experiments, the number of grating period is chosen to be equal to 14. After determining the structural parameters, we can proceed to the time domain analysis of the filter. The dielectric function of silver, using Drude model, may be expressed as,
where ω p is the electron plasma frequency, ε ∞ the dielectric constant at infinite frequency, and γ the collision frequency. The dispersion of silver region is taken into account by Drude model with ε ∞ = 3.7, ω p = 9.1 ev and γ = 0.018 ev [18] . The sampling widths of ∆x = 5 nm, ∆z = 4 nm are considered. The upper limits of CFL condition and CFL number (CFLN) are 0.0103 fs and ∆t ∆t CFL , respectively. The total-field, scattered-field formulation method of [12] is used to implement the plane wave excitation with the Gaussian Pulse width of 100-300 THz.
Time variations of E x in the input and output planes are calculated with TRC-LOD-FDTD method for CFLN = 10, and depicted in the Figure 4 .
The transmission coefficient calculated from the magnitude ratio of discrete Fourier transforms of the electric fields at the output and input planes of filter. The transmission coefficient for primary MIM plasmonic filter is illustrated in Figure 5 . In order to validate our analysis, the simulation result of [19] is added to Figure 5 . It is obvious that there is a good conformity between results.
Our primary MIM plasmonic filter has been designed for central wavelength of λ = 1.55 µm. However, design for other frequencies could easily be carried out by varying the structural parameters. For specific value of central wavelength, changing either one of L 1 , L 2 , n eff 1 and n eff 2 in (5) would serve for this purpose. Note that, changing n eff 1 its overall shape is virtually preserved. It can be seen from Figures 5 and 6 that there are many sidelobes in the frequency response of the filter. In order to improve the performance of this filter, we have applied three different gratings of Figure 7 to its structure. The transmission coefficients of these modified and original MIM palsmonic filters are depicted in the Figure 8 . It is obvious that sidelobes are suppressed with employing any one of these gratings. For Gaussian type grating, the bandwidth and the attenuation in stop band region are decreased while in the case of linear grating this decrement is negligible. For sinusoidal grating the bandwidth is slightly increased while the stop band attenuation is not affected. Therefore, it can be concluded that the linear grating has the best frequency response.
To have a better perception of the filtering characteristics, snapshots of the transmitted electromagnetic patterns at several time steps are included for the case of linear grating. In Figures 9 and 10 the electric field distribution inside the MIM plasmonic filter are plotted at 193 and 100 THz. It is clear that, the wave with the frequency of 100 THz which is outside the bandgap, is transmitted and the wave with the frequency of 193 THz which is inside, is not transmitted. 
CONCLUSION
We have presented a procedure for sidelobe suppression of a MIM plasmonic filter. The effective refractive index was calculated for various values of the dielectric core width of the MIM structure. Using the calculated values of effective refractive index and Bragg condition, the structural profile of primary filter was obtained. Next, the TRC-LOD-FDTD method of analysis was applied to the MIM plasmonic filter and the transmission coefficient was derived. The effects of varying the structural parameters on the frequency response of the filter was studied. Finally, we have applied Gaussian, sinusoidal and linear types of gratings to the structure of the primary MIM plasmonic filter. The effects of these gratings on suppression of the sidelobes were investigated.
